The Meter
The U.S. participation in the metric system began much earlier than most people realize, being one of the original signatories of the Convention of the Metre in 1875 which set up the International Committees and the International Bureau of Weights and Measures in Paris. The U.S. was also an early advocate of expanding the role of the Convention beyond its original scope of mass and length to cover a much wider range of measurements. The amendment of the original Convention was ratified in 1921, and since that time CIPM has become the primary authority for nearly all physical units.
The original Convention chose to base length on the French meter bar, which was an end standard. This end standard was replaced with a line scale, and then further replaced in 1889 with the Platinum-Iridium Meter of the Archives that was the standard until replaced with the wavelength of light in 1960. Thus, until 1960 the meter was defined as the distance between two lines on the Meter of the Archives at the temperature of the melting point of ice when supported by two cylinders of diameter at least 1 cm placed symmetrically under the bar and 571 mm apart.
The choice of the melting point of ice seems, today, like a very awkward choice for the reference temperature. It is a difficult temperature at which to actually make measurements, both because of human comfort and the fact that the dew point is generally above this temperature, and some sort of humidity control would be needed. Temperature was, and still is, a major complicating factor in length measurement. Because all materials change size with changing temperature, in order to define the length "1 meter" with a physical object we must also set the temperature for which it is "1 meter" long.
The standard way to compare length standards was to have two microscopes, one focused on each line of the segment of the length scale of interest. Using the microscopes, two lengths could be compared to very high precision. The accuracy of the measurement uncertainty depends on the uncertainty in the temperature of the bar during the measurement. Thermometry in the late 19th century was, unfortunately, not nearly as accurate as was needed to support the level of accuracy of length comparisons. The best characterized temperatures at the time were the melting point of ice and boiling point of water. The melting point was not only the more practical of the two; the melting point temperature is 3700 times less dependent on the atmospheric pressure, and thus much more reproducible. The choice of the melting point of ice was the only acceptable choice for the standard temperature for the meter at the time.
Reference Temperature for Industrial Measurements
This choice did, however, present a problem for industrial measurements which are almost never made at such a low temperature. The basic problem is that if the standard reference temperature is 0°C, two mating parts of different materials, say steel and brass, will actually be their nominal size at 0°C. If the parts are, instead, assembled at 20°C, the parts will grow by their coefficients of thermal expansion (CTEs) times the temperature difference from the reference temperature. Since the CTE of steel is about 12 × 10 -6 /°C and brass is about 24 × 10 -6 /°C, the brass part will expand much more than the steel part and assembly may not be possible. Since parts are assembled, on average, at around room temperature it would seem practical to have the part length measurement refer to the assembly temperature as closely as possible.
The obvious way to overcome this problem would be to take some temperature near room temperature, say 20°C, as the reference temperature for industrial measurements and then make a reference bar which would have the same length at 20°C as the International Prototype Meter has at 0°C. Thus, the CTE studies had to be made on the replica meters made for routine work at BIPM and for the members of the Commission. These studies were performed, off and on, for the next 30 years at BIPM as well as other countries National Metrology Institutes (NMIs). As late as the 7th International Conference in 1927 there were still major publications on this subject. The work was slow for both technical and bureaucratic reasons. The thermal expansion coefficient was needed to very high accuracy from the melting point of water up to 20°C, which is a difficult task made more difficult because at a time the temperature scale itself was under serious study. Also, since the International Prototype is not generally available, the studies focused on the 29 nearly identical copies that were made at the same time out of the same batch of the PlatinumIridium alloy. These copies were distributed to the members of the Convention of the Meter; meter bar No. 27 was the legal standard for length in the United States until the redefinition in terms of the wavelength of light in 1960. Simply getting the bars back to BIPM for measurements was time consuming. Efforts began in 1921 and continued for 15 years [3] .
From a modern perspective, the basic question is that of uncertainty. Since the meter was defined as the distance between two lines of the International Prototype when held at 0°C, a second meter bar, even if compared directly to the International Prototype at 0°C will have a larger uncertainty when used at 20°C: larger by the uncertainty of the change in the length of the bar when heated. The size of the uncertainty depends on the knowledge of the CTE of the gage and the accuracy of the temperature measurement. For ordinary gages measured in a lab environment, the knowledge of the CTE of the gage and the accuracy of the thermometers would add considerable uncertainty to the gage at 20°C.
However, for one specific gage these uncertainties could be minimized. In particular, at a National Measurement Institute the uncertainty could be reduced to a level that would be negligible for industrial measurements. We will see later that C. E. Johansson, inventor of the gage block, had done exactly this for his own use in his factory. Unfortunately, in the early years of the 20th century the concept of uncertainty was still in its infancy, and most of the members of CGPM and scientists of the BIPM seem to have been swayed more by the philosophical implications than the practical merits of 20°C. 
Yours very truly, R. T. Glazebrook.
At the bottom of the letter is a handwritten note from Dr. Stratton (SWS) Fig. 1 .:
While there is no record of the follow up letter, mail delivery was apparently a problem. A large number of correspondences in the files are simply letters acknowledging the reception of correspondence, a habit that would not be needed if mail delivery was assured. But it is also true that the number of requests for information sent to the Bureau of Standards about the standard temperature problem was rising, and the number of Bureau staff was still quite small.
Dr. Stratton's answer on October 16, 1916 reveals no change in his attitude about the problem [9] :
Referring to your letter of August 17, 1916 Fortunately, the difference between the inch defined at 62°F and 68°F was not a serious problem given the manufacturing tolerances of the time.
Expansion of the Scope of International Standards Work
The question of the Standard Reference Temperature was dormant for a few years after the war because of larger issues involving new fields of measurement. Even before the war, the rise in importance of electricity to industry was obvious, and the need for standardization of the units and measurements grew greatly during the war years. Dr. Stratton of the Bureau of Standards had greatly expanded the electrical capabilities during the period, and as the war ended began a campaign to enlarge the scope of the CGPM from just length and mass to all of the new fields that affected industry. The formal resolution, below, was passed at the March 18, 1919 interim meeting of the National Research Council [15] .
On behalf of the Division of Physical Sciences, Leuschner reported on the desirability of enlarging the functions of the International Committee on Weights and Measures and moved: That the Division be authorized to appoint a special committee to prepare suitable recommendations in this respect.
At the first meeting of this new committee, the minutes show extensive discussion of the subject, and the decision that, since the matter was very complicated, a smaller subcommittee would be appointed to prepare recommendations for the full committee to consider. This proposal was then taken through the Commerce Department, led by Herbert Hoover, to the State Department. Since the CGPM is a diplomatic organization made up of states, the U.S. representative is to be appointed by the State Department. Dr. Stratton was granted full power to sign the Convention as modified at the CGPM meeting of October 27, 1921. A large number of changes were made during this meeting of the CGPM, including the extension of the scope to electrical measurements.
After this, the efforts concerning international standardization decreased markedly. Part of the reason was economic. During the war the duties and staff of the Bureau had grown explosively, from a budget of less than $1 million and a staff of 400 in 1914, to over $3 million and 1150 staff in 1918. In the following years the decrease was nearly as fast, shrinking to 2/3 of the war year levels in 1925. Because of numerous economic factors, including a depression in 1920, this period was one of retrenchment and reorganization. Another reason was the departure of Dr. Stratton in January of 1923 to become President of M. I. T. Dr. Stratton had always had a keen interest in standardization, and was very active in all phases of both national and international standards efforts. On his leaving, Secretary Hoover appointed him to the Visiting Committee, a liaison group of prominent men (and later women) from science and industry who were to keep the Secretary of the Treasury 8 apprised of national matters that were in the Bureau of Standards domain, and to report yearly on the work of the Bureau.
During this period, up to 1927, there was little done on the question of the reference temperature for dimensional measurements. The U.S. had been standardized at 20°C by the Bureau of Standards, and since the CGPM Declaration of 1915 was widely ignored the issue was still a problem internationally.
Proposals to the 7th Meeting of the CGPM in 1927
1. Recommend that the Conference adopt the wavelength of the red radiation of Cadmium vapor as the fundamental standard for the wavelength of light, and indirectly for the meter. A committee was formed to look into the matter. (Prof. Kösters of Germany had found that the light from Krypton gas had better properties than Cadmium, and the group decided to make further studies of the properties of Krypton lamps. Krypton lamps were made the standard for length in 1960.) 2. Recommend that the Conference adopt the relation 1 inch equals 0.0254 meters. This was considered out of the scope of the international body since it did not involve the metric system. It was referred to the parties involved (English speaking countries) for resolution. (The value 1 in = 25.4 mm was adopted by the National Measurement Institutes of the countries that still used inches in 1959). 5. In view of the ever increasing demands for a knowledge of the exact lengths of the national Prototype Meter Standards, it is recommended that the Conference urge upon the International Bureau of Weights and Measures the desirability of expediting the study of the lengths and coefficients of thermal expansion of these standards, in order that any necessary changes of certificates may be authorized by the Eighth General Conference.
A U.S. Industry Consensus
Work on all of these, except the issue of the inch, were taken up very quickly. Because of the swift and unanimous responses, Dr. Burgess decided that the matter would not need a conference and wrote again to see if there were any objections to settling the matter by mail. There were no objections and all of the responses, but one, were definite on the matter that 20°C was the preferred reference temperature. The only other response was from the Society of Automotive Engineers, which suggested "rather detailed questionnaire asking specifically about present practice by individual companies, to what their practice applies, and other leading questions would be a very helpful index as to whether a general conference should not be called later on. It would also indicate what reference temperatures are most generally in use." By the end of May, the date of this response, the question was already settled.
With the U.S. position now set by industry and government preference, the question moved to the international arena.
The French Proposals
There were two large works discussing the problem from the French perspective. One, an article in Le Genie Civil by A. Perard of the BIPM, and a second long report by M. F. Cellerier, Director of Laboratoir d'Essais du Conservatoir National des Arts et Metiers. Cellerier discusses a number of proposals and favors one by M. Gaux that is very similar to that of Perard.
The proposal, despite the strong reactions against it, is not as strange as it first appears if compared to mass metrology at the time. In mass metrology the largest environmental factor is air buoyancy. From very early times [18] , mass metrologists had made allowance for this factor for industrial measurements using the concept of "apparent" or "conventional" mass. The apparent mass was the true mass with the correction for air buoyancy that would be accurate if the weight had the same density as brass (later revised to 8.0 gm/cc) and the density of air was 0.0012 gm/cc. For most metal Volume 112, Number 1, January-February 2007 weights, the assumed buoyancy correction was within 10 % of the true correction and for industrial purposes the system was accurate enough that further corrections were not needed. This system is still in use for most commercial weighing systems.
In analogy to "conventional" mass, the Graux [19] and Peraud [20] proposals would have effectively invented a quantity "valeur-type" which might be understood as "conventional" length. The largest environmental factor in length measurement is temperature, so the conventional length would differ from the true length (referred to the standard temperature 0°C ) by assuming a common CTE (11 × 10 -6 /°C ) and industrial reference temperature (20°C) that would be accurate enough for much industrial measurement. Since most industrial parts are iron or steel, this method would reduce the error from thermal expansion by 90 %, which would be adequate for many industrial measurements. Unfortunately, the relative size of thermal errors in length measurements and mass measurements are quite different, and while the "conventional" mass idea is still useful today, the "conventional" length would have been inadequate for precision parts even in 1927.
The suggestion was forcefully rejected at the Bureau by a number of scientists, as in the example below: In another report for the 1931 CIPM meeting, M. J. E. Sears, Jr., Deputy Warden of Standards for Great Britain, presented the case for 62 °F as a standard [21] . One interesting fact brought up by Sears is that the pressure scale, which is measured in inches or mm of mercury would be changed if the reference temperature for length were modified. New tables would be needed for mercury barometers. The final paragraph, however, reported that Great Britain and NPL would change the new standard temperature if international agreement was obtained.
C. E. Johansson Letter
One of the most important reports was from the most widely known and respected length metrologist in the world, C. E. Johansson. In 1928 Dr. Burgess, of the Bureau, asked for Mr. Johansson's thoughts on the question of International agreement on the standard temperature for industrial length measurements. Mr. Johansson responded with a history of his efforts in standardizing length standards, as well as his philosophy of measurement and recommendations. The entire letter is presented as the appendix to this paper. Notice the pencil marks which denote changes to be made for translation into French and submission to the CGPM as a report.
The letter displays the great sophistication of Mr. Johansson as a metrologist, and shows that he had recognized the problems with the varying reference temperatures almost from the beginning of his invention of gage blocks. There are actually two letters, one was sent to Dr. Burgess and was taken to France for the meeting. Mr. Johansson discovered that he had made a mistake in his letter and sent a revised copy to the hotel in Paris where Dr. Burgess was to be staying (See Fig. 2 ). The section that was revised described his efforts to assign a standard reference temperature, and the specific change was to add the story of the 66 °F gage blocks sets that the Bureau received from the Ordnance Department during World War I.
Because of his continuing interest in international standards, and his standing in the world metrology community, Dr. Stratton had been retained as a U.S. official delegate to the CGPM even after he left the Bureau in 1923 and continued until his death in October, 1931 . In what was probably his final act as the U.S. representative, Dr. Stratton cast his vote to adopt 20°C as the industrial reference temperature in April, 1931 [22] .
Johansson's most interesting, and one of the earliest experiments was in 1903 when he sent a nominal 100 mm gage to BIPM and asked for the temperature at which the gage was exactly 100 mm long. His eventual answer a year later [23] was that the block was, to experimental uncertainty, exactly 100 mm at 20.63°C. He then made a block 0.0007 mm longer, one that would be an "absolute" measuring standard of 100 mm at 20°C. To check on his process as it evolved, in 1912 he sent four blocks 100 mm, 50 mm, and two 25 mm blocks to BIPM for calibration. At 20°C, all were found to be their nominal size to better than 0.1 micrometer.
When Johansson began making length standards it was obvious that different customers had different reference temperatures. His solution was to buy measuring equipment and standards from different sources, measure them against his standards that had been measured at BIPM, and assign the reference temperature for each customer through his experiments. He found, for example, Brown & Shape Company in the U.S. used 62°F, Ludwig Lowe, Berlin used 25°C, Reinecker, Chemnitz used 14°C, and the State Works of France 0°C. Early sets for Japan were made for 62°F, but after 1926 when the metric system was adopted all sets were adjusted for 20°C. Also, from his work he found that the average temperature in laboratories and shops where his gages were used was about 20°C, so he used that as the default unless the customer specified differently.
In another experiment in 1905, he sent a 3 inch standard to the Bureau of Standards in Washington for calibration. The Bureau issued a report giving the length of the standard at 27.2 °C. Knowing the coefficient of expansion of the block and his measurement of the block he found that the Bureau would be "nearly correct" for a reference temperature of about 66 °F. He then made blocks for the American market, primarily the War Department, that were marked as 66 °F. This odd reference temperature was not noted until the Ordnance Department began working with the Bureau of Standards during World War I. Johansson then says that he had always made metric blocks to the 20°C reference temperature, and after his excellent agreement with BIPM in 1912 he made all inch size blocks for the American market to the 20°C reference temperature. It does not appear that anyone in the States noticed the change.
Besides the practical advantage that most countries were using 20°C as the reference temperature, Johansson mentions two other advantages. First, when he made gages at 62°F the effects of the operators' body heat affected the gages faster, reducing the amount of time available for final adjustments of length. The second was that 68°F and 20°C were both integers, and calculations were easier.
He finishes with a discussion of his principles for measuring. This last idea is still the core idea for inspection of high precision parts, an idea that is mentioned in very few textbooks on the subject of dimensional metrology and inspection.
International Agreement of Standard Reference Temperature
The issue was finalized at the CIPM meeting on April 15, 1931. With no discussion and a voice vote, the following proposal was adopted unanimously [25] :
As the normal temperature for adjustment of industrial standards, the Committee adopts the temperature of 20°.
The adoption of 20°C as the reference temperature for length measurements was later incorporated into the international standards system as the first standard of the International Organization for Standardization (ISO 1) in 1951. In the United States, the National Standard ASME/ANSI Y14.5: Dimensioning and Tolerancing assigned the default temperature of 20°C for all dimensional drawings.
There have been occasional attempts to change the reference temperature, the latest in the early 1990s [26] . These efforts have failed primarily because of the large cost of implementing the change. In 1931 the cost of the change was restricted to only a few countries and the costs were manageable; neither of these conditions holds true today. Given the very tight tolerances for modern parts and the large effect of temperature, it is unlikely that the reference temperature can be changed again. 
